A CCURATE N fertilizer recommendations for maize production are important for maximizing productivity and profit while minimizing environmental impact of fertilizer use (Fageria et al., 1997) . Nitrate is often the dominant source of N for maize because it generally occurs in higher concentrations than ammonium N, and it is free to move to the roots by mass flow. Attanandana et al. (2004) found that maize yield with and without N was not significantly different in some soil series. In some maize growing soils of Thailand, there is the trend to have high subsoil nitrate contents because maize has been rotated with legumes and also because some farms were overfertilized with N, which can increase the residual nitrate. On-farm demonstrations have generally shown good estimation of N fertilization requirements, but there are also situations where overestimates or underestimates of N fertilizer requirements occur (Attanandana et al., 2004) . Preliminary attempts to apply N models to predict N requirements for maize, such as Decision Support System for Agrotechnology Transfer (DSSAT-N) and the Nutrient Management Support System (NuMaSS) decision aid, were not successful when predictions far exceeded field-determined N requirements (R. S. Yost, personal communication, 2004) . One hypothesis for the overprediction was that the decision aids predicted N requirement based only on the surface nitrate content, whereas the crop actually benefitted from residual nitrate, much of which was in the subsoil or at least deeper than the 0-to 20-cm layer. However, there was insufficient information on the content of subsoil nitrate and the distribution of maize roots with depth in soils representative of the maize growing region to test the hypothesis.
Some studies in Mollisols of Nebraska indicated that subsoil nitrate was elevated after maize harvest where soil organic matter was high; this may have resulted from N mineralized between crop physiological maturity and soil sampling (Ferguson et al., 2002) . Blumenthal et al. (1999) found that subsoil nitrate concentration in the root zone below 45 cm increased by 2 to 15 fold compared with the amount at 0-to 20-cm depth, which was lower than 1.7 mg nitrate-N (NO 3 j -N) kg j1 soil. Lehmann et al. (2004) reported that in savanna Oxisols, a large amount of nitrate accumulated in the subsoil from 0-to 2-m depth and totaled 150 to 300 kg NO 3 j -N ha j1 , which nearly matched the total N uptake by the crops. The primary criterion used to evaluate potential NO 3 j -N movement was soil residual NO 3 j -N that remained in the root zone after harvest (Ferguson et al., 2002) . The movement of nitrate into subsoil depends on soil moisture and water content in the soil. Heavy rains can cause nitrate to be leached downward through the soil into the root zone (Cahn et al., 1992) . In addition, the overapplication of fertilizer N could result in even larger amounts of residual nitrate.
Maize (Zea mays) has moderate to deep roots, depending on soil texture and soil moisture. Tardieu and Pellerin (1990) reported that early maize roots have a more horizontal orientation in the topsoil but become vertical in deeper soil layers. The distribution of roots in the soil profile have been characterized by first increasing to a maximum at 25-cm depth and then decreasing at greater depth (Liedgens and Richner, 2001 ). The excavation of soil monoliths and washing of the roots enables the assessment of the roots occupying a known volume of soil (commonly with the entire plant attached for small plants). The roots can be held in their approximate position by the use of a pin board (BPhm, 1979) , but it is still tedious and may not yield quantitative data. The main purpose of the work presented here was to understand the cause of fertilizer N overprediction by N models and decision aids and to identify and begin collecting the necessary data to modify the decision aids to correctly assess N requirements. The objectives of the study described here were to (i) monitor the changes in NO 3 j -N status at different soil layers during the vegetative growth stages of maize and (ii) measure maize root depth at different stages of maize growth.
MATERIALS AND METHODS

Site Description
The study areas were located in the central part of Thailand in the Phra Puttabat district, Saraburi province (14-32 ¶N 101-0 ¶E), about 115 km north of Bangkok. Two sites, representing two soil series, namely Lop Buri (Lb) and Pak Chong (Pc), were selected for these studies because they are representative of the maize belt of Thailand. The distance between the two sites was about 8 km. The two soils were classified as an isohyperthermic, Typic Haplustert (the Lb soil), and a Rhodic Kandiustox (the Pc soil). Initial soil samples were taken for chemical and texture analysis. The differences between the two soils in the study sites included both physical and chemical properties such as Lb soil series, a Vertisol, which has a black color, high clay content (802 g kg j1 ), soil pH of about 7.1, and 2 g kg j1 of total N content, whereas the Pc soil series, an Oxisol, is reddish, with a clay content of 464 g kg j1 , soil pH of 5.4, and 1.9 g kg j1 of total N. More properties of the soils at the experimental sites are given in Table 1 . During the experimental period, soil bulk density, total porosity, and field water holding capacity of the soils were measured at the soil depths of 10, 30, 50, 70, and 90 cm (Table 2) . Soil bulk density was determined using the core method at 10, 30, 50, 70, and 90-cm depths. The weight of dry soil, determined after drying at 105-C to constant weight, was divided by the core volume to give the bulk density. The mean temperature 862 SIPASEUTH, ET AL. SOIL SCIENCE and annual rainfall of this region over 30 years were around 27-28 -C and 1200 mm, respectively. Most of the rainfall occurs during the rainy season, which lasts as long as 6 months, and the pattern of rainfall varies between months (Fig. 1 
Nitrate Status and Maize Root Development
At each of the two sites, soil nitrate distribution was measured at 0, 2, and 4 weeks before maize was planted and at 2, 4, 6, and 8 weeks after emergence, representing most of the vegetative stage of the crop. Root depth was measured at selected stages of plant development. . Combustion (Nelson and Sommers, 1986 ). At the Lb site, a heavy rain occurred on July 4 with the amount of 128 mm day j1 when the maize was 31 days old. For the Pc site, a heavy rain occurred on August 19 with the amount of 65 mm day j1 when the maize was 48 days old. Soil samples from both sites were randomly collected for three points per each plot using a soil auger (bucket type) at 0, 3, 5, and 7 days after rain. About 100 g of moist soil at the depths of 0-20, 20-40, 40-60, 60-80 , and 80-100 cm were taken. All soil samples were immediately stored in plastic bags, placed in the icebox, and brought to the laboratory. At the same day, 10 g of each soil sample were extracted with 50 mL of Mehlich-1 extracting solution. Soil NO 3 j -N was determined using a colorimetric method (Jackson, 1957) .
Nitrate Distribution and Maize Root Development
Nitrate-N distribution studies of both Lb and Pc soil series experiments were conducted in the wet season of 2005. Soil sample collection at the two sites differed with time, from May 6 to July 30 for Lb soil series and from May 25 to August 25 for Pc soil series, which approximated similar stages of plant development. Before maize was planted, soil samples from both sites were collected at 4 weeks, 2 weeks, and 1 day before maize was planted. After maize was planted (2, 4, 6, and 8 weeks), soil samples were 
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SIPASEUTH, ET AL. SOIL SCIENCE collected at three randomly selected points per plot using an auger to collect soil from the following depths (0-20, 20-40, 40-60, 60-80, and 80-100 cm) . A portion of the wet soil sample was put in an oven at 105 -C for moisture content determination. We calculated the concentration of NO 3 j -N (kg ha j1 ) in every depth considering the soil bulk density (Table 2) .
Root Depth Studies
Maize root studies using the pin board method were rather tedious and involved heavy work requiring profile excavation and removal of a soil monolith. Therefore, maize root studies were limited to the high rates of N fertilizer applied (188 kg N ha j1 ) at three different periods of maize age (20, 40, and 60 days). The square monolith pin board method was the technique used for root study (Böhm, 1979) . The board was made from 5-cm-thick plywood with three different sizes (40 Â 50, 60 Â 80, and 80 Â 100 cm). The soil profile was dug as a trench to the maximum rooting depth. The size of the soil monoliths thus varied according to the size of the root profile. Before removal of the monolith from the soil, a wood board was placed against one side of soil monolith wall; long nails (15 cm) were then pushed through the board into the soil monolith with a spacing of 8.5 cm. The soil monolith was carefully removed and positioned for careful washing. Root depth and length were measured at 10 points on the board. Root length was measured considering two dimensions, depth and lateral distance.
Statistical Analysis
Grain Yield, Total N Uptake, and Soil Available N Statistical computations were performed by procedures within SAS (version 8.1). The data were examined using analysis of variance procedures. Separate analyses were carried out for maize grain yield, total N uptake by grain and stover, and soil available N of different treatments to evaluate differences among treatments. Significance among treatment means was assessed using least significant difference tests (P G 0.05). The Sigma Plot program was used to fit a linear plateau curve for the nitrate distribution and nitrate status study.
Nitrate Distribution and Nitrate Status With Maize Root Development
The data analyses were performed by Proc Mixed (SAS 8.1, 1985) due to the correlated nature of the measurements taken at the same soil depth over time. For the analysis of nitrate distribution at 0, 2, 4, 6, and 8 weeks after planting, the Brepeated^variable was weeks as described by Littell et al. (1998) , and the compound symmetry variance structure was selected because the data were insufficient to individually estimate variances for each time. The data were analyzed for each depth increment to evaluate differences among treatments and among interactions between treatment and weeks for nitrate status and among interaction of treatment and day for nitrate status after heavy rain. Treatments were analyzed as fixed effects, whereas replications were considered random, and weeks were treated as a repeating variable. Similarly, depths were treated as repeated because of the expected correlation among depths. The summation of the NO 3 j -N profile of nitrate distribution and nitrate status for each soil series was analyzed separately to assess the effects of N application. Significance among treatment means was assessed using least square means. Because there are only two treatments and least squares means were used to compare effects over time, we present the means and discuss only significant effects. Effects are described as being significant if they differed at a probability level of 0.05 or less.
Nitrate status in the soil profiles in relation to major rainfall was also analyzed by SAS Proc Mixed, except that days after a major rainfall was the repeated variable. Compound symmetry was chosen to represent the correlation among measures of nitrate made in the sample plot at the several times, again because of the small number of degrees of freedom available for the analysis.
RESULTS AND DISCUSSION
Maize Grain Yield
The grain yields on both the Lb and Pc soils were generally good (Table 3 ). The yields and N removal in maize from the two sites was very similar. In Lb soil series, the grain yield where 188 kg N ha j1 treatment was applied was actually lower (5491 kg ha j1 ) than the control treatment (6868 kg ha j1 ). In this particular case, the farmer rotated the soybean (with the fresh pod yield of 7.8 t ha j1 ) with maize. The residues of soybean and maize together with poultry manure were incorporated by a moldboard plow in each of the previous wet and dry seasons. Maize grain yield of Lb soil was probably less with applied N because of sufficient N from the existing nitrate in the subsoil. This result is similar with those of Lory et al. (1995) , who found that cereal crops and nonlegume plants require less N when grown after legumes. In the case of the Pc soil series, the grain yield was slightly increased (22%) with N fertilizer compared with the control treatment (5185 kg ha j1 ). In 2004, at the Pc site, farmers rotated mung bean (Vigna radiata L.) for seed (with the grain yield of approximately 935 kg ha j1 ). The residues were also incorporated in the last wet and dry seasons. The maximum grain yield of the two soils was lower than the predicted yield by Nutrient Management Support System and DSSAT. There was no significant difference in grain yield between N fertilizer and control, which may have been, in part, a result of the few degrees of freedom for the comparison.
Nitrate Preseason Distribution and
Maize Root Development Lop Buri Soil Series Preseason Nitrate Content and Distribution. Subsoil NO 3 j -N was measured thrice before planting. The distribution of subsoil nitrate at 0-to 20-cm depth varied from 36.4 to 80.3 kg NO 3 j -N ha j1 (Table 4) . At 4 weeks, 2 weeks, and 1 day before maize was planted, NO 3 j -N ranged from 23 to 80 kg ha j1 at 0-to 20-cm and 20-to 40-cm depths, respectively. Total amounts of nitrate in the 0-to 100-cm depth were 101.9, 119.4, and 163.3 kg NO 3 j -N ha j1 at 4 weeks, 2 weeks, and 1 day before planting, respectively. The high nitrate concentration in the subsoil was probably due to mineralization of soil organic N and perhaps the previous soybean crop. The farmer also reportedly applied 2000 kg ha j1 poultry manure in the previous wet and dry seasons. We expect that this amount of manure might provide as much as 20 kg N ha j1 , which would be a relatively minor contribution to the overall crop requirements. The preseason nitrate distribution at the 40-to 60-cm depth of different periods varied from 8.2 to 21.6 kg NO 3 j -N ha j1 . The distribution of nitrate at 0-to 20-cm depth 2 weeks before maize planting was markedly higher (80.3 kg NO 3 j -N ha j1 ) than the other period (Table 4 ). This might be the result of soil moisture remaining steady at about 30% at the 0-to 20-cm depth, whereas at the other period, the soil moisture content was less than 30%. One day before maize planting (June 5), 52.1, 70.4, and 21.6 kg NO 3 j -N ha j1 were measured at 0-to 20-, 20-to 40-, and 40-to 60-cm depths, respectively. This indicated that in the early season, nitrate begun to move into deeper layers, probably because of soil moisture increased as the rains began. However, a large amount of nitrate remained in the 20-to 40-cm layers.
Nitrate Distribution and Maize Root Development. Nitrate-N distribution in the Lb soil during the 2 to 8 weeks after maize planting without N fertilizer application is given in Fig. 4 . At 2 weeks, the amount of nitrate was 38 and 58 kg NO 40-cm depths, respectively. These data indicated a lower amount of nitrate was retained in these depths compared with 1 day before maize was planted. At 4, 6, and 8 weeks after planting, the amount of nitrate was usually reduced in the 0-to 20-and 20-to 40-cm depths. However, nitrate greatly increased in concentration at the 40-to 60-cm depth (18-20 kg NO 3 j -N ha j1 ), probably because of the heavy rain (128 mm day j1 ) when the maize was 31 days old. The nitrate concentration was 16 kg NO 3 j -N ha at the 60-to 80-cm depth at 8 weeks after maize planting. It was noted that the nitrate concentration at 8 weeks after maize planting was sharply reduced from 38 to 5 and from 58 to 3 kg NO 3 j -N ha j1 at 0-to 20-and 20-to 40-cm depth (Fig. 4) . Statistical analysis indicated a significant reduction in profile nitrate with time (P = 0.04). Plants apparently absorbed more nitrate during this period, and some nitrate moved through the soil and concentrated at the 40-to 60-cm depth.
With the 188-kg N ha j1 treatment, nitrate was concentrated in the topsoil at 2 weeks and reached a maximum of 99.6 kg NO 3 j -N ha j1 . Statistical analysis indicated, as expected, a significant increase in nitrate where N fertilizer had been applied. There were 69 and 32 kg NO 3 j -N ha j1 in the 20-to 40-and 40-to 60-cm layers (Fig. 5) . We observed that at 4 weeks, the amount of nitrate in the 0-to 20-and 20-to 40-cm depths was reduced to 30 and 60 kg NO 3 j -N ha j1
. The amount of nitrate was close to pre-plant levels. This suggests a reduction of nitrate in two top layers because of uptake by maize. At 6 weeks' sampling, which was 10 days after topdressing, there was not much difference in the amount of nitrate among depths of 0 to 20, 20 to 40, and 40 to 60 cm (34, 37, and 42 NO 3 j -N kg ha j1 , respectively), but the amount was markedly lower at the deeper layers. However, at 8 weeks' sampling, the nitrate that accumulated was 44 and 32 kg NO 3 j -N ha j1 at the 40-to 60-and 60-to 80-cm depths, respectively. These results showed that NO 3 j -N observed at the 0-to 20-to 20-to 40-cm depths of Lb soil series was less after 8 weeks. More nitrate accumulated in the root zone (40-to 60-cm depth) of the treatments with and without with N, suggesting that either downward movement or mineralization occurred. The high amount of nitrate that accumulated in the root zone (20-43 kg NO 3 j -N ha j1 ) might be the cause of no N response of maize. Profile nitrate, averaged over time, was 100 kg NO 3 j -N ha j1 , which was significantly higher for the Lb soil than for that of the Pc soil.
Pak Chong Soil Series
Preseason Nitrate Content and Distribution. The investigation of the subsoil nitrate distribution , respectively; Table 4 ). At 2 weeks before maize was planted, however, the maximum concentration of NO 3 j -N was 57.9 kg ha j1 at the 0-to 100-cm depth. There were no different changes in the amount of nitrate concentration at the depths of 20-40, 40-60, 60-80, and 80-100 cm. In this case, it might be because of insufficient moisture at that period (during the end of May to June) (Table 1) , which influences decomposition of organic matter and nitrate release in the soil.
Nitrate Distribution and Maize Root Development
At 2 weeks after maize planting (July 15), nitrate level was 26.2 and 17.8 kg NO 3 j -N ha j1 at the depths of 0-20 and 20-40 cm, respectively, where no N fertilizer was applied (Fig. 6) . The nitrate concentration was reduced to 13.7 and 11.7 kg NO 3 j -N ha j1 at 8 weeks after maize planting at the 0-to 20-and 20-to 40-cm 868 SIPASEUTH, ET AL. SOIL SCIENCE depths, respectively. The reduction of the nitrate was probably because of plant absorption. Statistical analysis indicated a significant difference between the Lb and Pc and between the 0-and 188-kg N ha j1 rates. For the 188-kg N ha j1 applied treatment at 2, 4, 6, and 8 weeks after maize emergence, most of the nitrate was located in the 0-to 20-and 20-to 40-cm depths (Fig. 7) . However, there was a difference in the nitrate concentration in each soil layer compared to the fertilizer treatment without N. The unusually high concentrations of nitrate at 4 weeks after maize planting (98 kg NO 3 j -N ha j1 ) might be attributable to the nitrate measurement taking place 3 days after the topdress N fertilizer was applied. The concentrations of nitrate declined at 6 and 8 weeks (40-56 days) after emergence. A small amount of nitrate may have moved downward and increased nitrate concentrations with increasing depth. The subsoil nitrate of the fertilizer treatment without N remained very low compared with the N fertilizer treatment, and there was difference in nitrate concentration between the two treatments.
Nitrate Status in Relation to a Rainfall Event Lop Buri Soil Series. Soil nitrate status was observed after a heavy rain occurred (128 mm day j1 ), when the maize was 31 days old. The nitrate concentration at different soil depths in the no-N treatment was not different at 0, 3, 5, and 7 days after rain. The amount of nitrate in most soil layers had not changed (Fig. 8) . Nitrate concentrations were 5.3, 7.2, 45, 31.6, and 12 kg NO 3 j -N ha j1 at 0-to 20-, 20-to 40-, 40-to 60-, 60-to 80-, and 80-to 100-cm depths for day 0, respectively, and totaled 101 kg N ha j1 . However, after 7 days of rain, 12.6, 17.9, 53.9, 30.9, and 11 kg NO 3 j -N ha j1 were found at the specified depths, for a total of 126 kg N ha j1 in the whole profile. Nitrate amounts at 0-to 20-and 20-to 40-cm depths after 0 days appeared to increase by days 3, 5, and 7, probably because of mineralization related to the rainfall. SAS analysis, however, indicated no significant increase. We observed that during the 0 to 7 days, nitrate levels were greater at the 40-to 60-cm depth, where the nitrate level was about 53.9 and 30.9 kg NO 3 j -N ha j1 . Nitrate levels at 60-to 80-and 80-to 100-cm depths did not increase, probably because the rainfall did not reach that depth. Nitrate status at the 20-and 40-cm depths of days 3, 5, and 7 increased to about 16, 14.8, and 17.9 kg NO 3 j -N ha j1 , respectively, compared with day 0 (7.2 kg NO 3 j -N ha j1 ) after rain. During the short duration (7 days), the nitrate level in the 40-to 60-and 60-to 80-cm layers measured slightly higher (53.9 and 30.9 kg NO 3 j -N ha j1 , respectively), possibly because water movement was through the deep layer because of rain. However, at this tasseling stage, maize might also absorb more nutrients for growth. Although plants might have absorbed large amounts of nutrient at this stage, the concentration of nitrate ).
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remained high in the 40-to 60-cm depth. The high nitrate accumulation in subsoil might be because of high OM and total N contents in the soil (Table 1) . Mentle et al. (2002) found that chicken manure application to a maize field increased soil organic matter content and had a positive, long term effect. Results from N mineralization studies in the laboratory of the Lb surface soil indicated that high levels of nitrate (915 mg NO 3 j -N kg j1 soil) were continuously released from 0 to 70 days.
For the high-N fertilizer treatment (188 kg N ha j1 ) at 0, 3, and 5 days after rain, it was observed that nitrate concentrations were 76.6, 68.6, and 62.2 kg NO 3 j -N ha j1 , respectively, at the 0-to 20-cm depth (Fig. 9) . This was probably because the soil samples were collected 3 days after topdressing of fertilizer. Statistical analysis indicated a significantly higher amount of profile nitrate where 188 kg N ha j1 had been applied. However, the amount of nitrate at the depth of 0 to 20 cm was reduced at days 5 and 7 after rain and with a high concentration at the 40-to 60-cm depth at 7 days (73 kg NO 3 j -N ha j1 ). This result was similar those of Lehmann et al. (2004) , who found that large amounts of percolating N from applied N rapidly moved to a depth between 30 and 80 cm. In the Lb soil, nitrate did not appear to move to depths greater than 80 cm, possibly because of erratic rainfall distribution. The second reason is that the soil had more clay at depths of 40-60 and 60-80 cm and, consequently, a higher water holding capacity.
Pak Chong Soil Series. The status of nitrate was measured in the Pc soil after a rainfall event of ). j1 when the maize was 48 days old. Statistical analysis indicated significantly less N in the Pc soil after the rainfall event than in the Lb soil. The results, however, indicated not much difference in the amount of nitrate among 0, 3, 5, and 7 days at each soil depth for no applied N fertilizer treatment. From 0 to 7 days after rain, the concentration of nitrate was no more than 8 kg NO 3 j -N ha j1 at each depth (Fig. 10) . This indicates that the Pc soil contains very little nitrate unless fertilized.
With the high N fertilizer treatment, 63.3 kg of NO 3 j -N ha j1 was concentrated in the surface soil (0-20 cm) (Fig. 11) . However, from 0 to 7 days after rain, nitrate concentration ranged from 41.8 to 63.3 kg ha j1 and from 27.4 to 53.2 kg NO 3 j -N ha j1 at the 0-to 20-and 20-to 40-cm depths, respectively. These results also were similar with those of Iqbal (2005) , who found that nitrate accumulation in clay loam soil (ı44% clay content) was highest in the 30-cm layer. In the top layers, nitrate was slightly reduced and concentrated at depths of 40 to 60 cm. However, at 7 days after rain, soil nitrate was more concentrated (53.7, 27.4, and 16.8 kg NO 3 j -N ha j1 ) at the shallow rather than deeper layers (0-20, 20-40, and 40-60 cm) (Fig. 11) . At this site, heavy rainfall of 65 mm day j1 might not be sufficient water to reach the deep layers of the soil. The second possible limiting factors were soil compaction, which was relatively high (bulk density = 1.52 g mL), and low soil porosity (42%) Fig. 12 . Square monolith preparation for root examination before removal from soil profile. 
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SIPASEUTH, ET AL. SOIL SCIENCE at 0-20 cm compared with Lb soil (Table 2 ). The compaction might be because of the heavy use of machinery for many years. Jabro et al. (2006) reported that 80% of soil compaction from wheel traffic occurred on the first pass especially when the soil was wet.
Maize Root Depth Studies As indicated earlier, maize rooting was measured at the same time as nitrate status-four times during the first 8 weeks of crop growth. With the use of a square monolith pin board method, we assessed root depth and root length under field conditions (Fig. 12) . The extensive penetration of roots is clearly seen in Fig. 13 . The root distribution in Lb soil at different soil depths showed that by the second stage of maize growth (40 days after planting) roots were concentrated at the depth of 49 cm (Fig. 14) . Crops with a deep root system, such as maize, can efficiently absorb N accumulated in the subsoil (Saito, 1991) . The distributions of root length and root depth were different in the two soils; most roots increased at 40 days after maize planting. At the age of 60 days, there was the maximum of root hairs, and the maximum root depth was 62 cm. This result was similar to that of Fort (1962) , who found that maize attained the maximum height with the full development of the tassel (at 67 days). Profuse branching of brace roots was observed at this stage, and root growth below 30 cm occurred.
The characteristics of roots at different depths of Pc soil and different stages of maize growth are shown in Fig. 14 . The root depth at 40 and 60 days was not significantly different; root penetration was to depth of 43 to 50 cm. The farmer had been using a large tractor for land preparation; consequently, there is a possibility of increased bulk density and reduced porosity resulting from compaction. OperaNadi and Lal (1987) reported that the use of heavy machinery resulted in an increase in soil bulk density and a decrease in macroporosity and permeability. Topsoil bulk density was a limiting factor for shoot and root growth according to one report (Chassot and Richner, 2002) . However, it was observed that the maximum distribution of roots at 40 days was correlated with the maximum nitrate concentration accumulated at the same depth.
Soil, Plant, and Grain Analysis After Maize Harvest
The soil's available N and the total N uptake by grain and stover after maize harvest are presented in Table 3 . The results indicated that the available N was high, both with and without N fertilizer in Lb and Pc soils. The effect of soybean residue and chicken manure was incorporated for Lb and Pc soils of last season led to high available N. The high available N of Lb and Pc soils agreed with no response of maize on N fertilizer treatment. The N uptake of grain in N0 and 188 kg N was extremely high, which varied from 81.1 to 98.2 and 62.7 to 88.6 mg kg j1 for Lb and Pc soils, respectively. The N uptake of stover yield showed similar pattern to grain yield. High N uptake was observed in all treatments of Lb soil because of high subsoil nitrate content. There was no significant difference due to N fertilizer application in either soil (Table 3) .
Suggestions for Improving the Decision Aids
Based on these observations and results from previous studies, it seems clear that some measure of subsoil nitrate needs to be included in the decision aids for adequate prediction of maize N requirements by the decision aids. The DSSAT-N model already includes options to record and consider subsoil nitrate; however, in simplifying the model for use in a decision aid environment, this data requirement was removed. It appears that consideration of subsoil nitrate needs to be reentered for the DSSATderived decision aids.
Previous research in the drier portions of the U.S. maize belt (usually ustic soil moisture regimes) indicates the importance of including assessments of subsoil nitrate (Ferguson et al., 2002) . Subsoil nitrate seems to be important in other soils, especially in the ustic soil moisture regime (Grove et al., 1980; Lehman et al., 2004) .
CONCLUSIONS
Subsoil nitrate levels appear to be an important indicator of soil nutrient N level in tropical production systems as well as those in temperate zones. Thus, N fertilizer predictions that do not include this source of N could easily overpredict N fertilizer requirements. The presence of subsoil nitrate and maize roots in the same zone is evidence that supports the proposed explanation for the overprediction of N fertilization by the decision aids and models. The results indicated that subsoil nitrate accumulation in these soil series could be substantial. High subsoil nitrate concentrations in the root zone could sustain crop growth and cause the lack of crop response to N fertilizer. Soil tests taken during the 2-week period before and after maize planting revealed the subsoil nitrate levels, which could be relevant to maize growth. A large amount of nitrate was found during the 2-to 3-week period after maize emergence at the 0-to 20-and 20-to 40-cm depths with no added N treatment in the Lb soil, and then the amount of nitrate greatly declined over time. Nitrate-N accumulated at the 20-to 40-and 40-to 60-cm depths and was likely taken up by crop. Nitrate-N was present in small amounts in the Pc soil without N fertilizer treatment. Initial subsoil nitrate content in the Pc soil series was lower than in the Lb soil series, but together with later nitrate mineralization, it was apparently enough to support maize growth. Nitrate contents were significantly different between the no-N fertilizer control and the N-treated plots. For the high applied N treatment, nitrate exceeded 102 kg NO 3 j -N ha j1 at the depth of 20 to 100 cm during 4 to 8 weeks after planting. Nitrate in both the Lb and Pc soil series accumulated at soil depths where maize root density was high. Maize roots in the Lb soil reached the depth of 49 to 62 cm, whereas roots in the Pc soil were found only as deep as 43 to 50 cm. Root distributions after 40 to 60 days of growth in both soils were correlated with the depths where NO 3 j -N was highest. High nitrate concentration in the same layer as maximum maize root density suggests that the nitrate could have been taken up by the maize. The amount of subsoil nitrate-N was significant in relation to the N fertilizer prediction. The subsoil nitrate appears to be one of the reasons for a low response of maize to N fertilizer. Initial NO 3 j -N measurements of at least 40 cm would likely to be useful in increasing decision aid accuracy in predicting N requirements.
